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1. The INCCA Strategic Initiative, Rationale and Description

Summary of Rationale

The INCCA (Integrated Climate and Carbon) strategic initiative developed and
applied the ability to simulate the fate and climate impaciskil fuetderived carbon
dioxide (CQ) on a global scale. Coupled climate and carbon cycle modeling like that of
INCCA is required to understand and predict the future environmental impacts of fossil
fuel burning. At present, atmospheric @&ncentratias areprescribed not simulated
in large climate models. Credible simulations of the entire climate system, however,
need topredicttime-evolving climate forcing using anthropogenic emissions as the
fundamental input.

Predicting atmospheric G{aoncenrations represents a substantial scientific
advance because there are large natural sources and sinks of carbon that are likely to
change as a result of climate change. Both terrestrial (e.g., vegetation on land) and
oceanic components of the carbon cyate known to be sensitive to climate change.
Estimates of the amount of mamade CQ that will accumulate in the atmosphere
depend on understanding the carbon cycle. For this reason, models thatuse CO
emissions, not prescribed atmospheric concentrstias fundamental inputs are required
to directly address greenhoussated questions of interest to policymakers.

Overview

The INCCA (Integrated Climate and Carbon) initiative developed the ability to
simulate the fate and climate impact of fossil fukdrived carbon dioxide (C{pon a
global scale. This capability required interactive, dynamical treatments of both the
terrestrial and oceanic ecological and biogeochemical components of the carbon cycle.

A U.S. Carbon Cycle Science Plgh999) states,
“...to predict the behavior of Earth’s climate system in the future, we must

be able to understand the functioning of the carbon system and predict the
evolution of atmospheric CO



Coupled climate and carbon cycle modeling like that done for INCCA igired
to understand and predict the future environmental impacts of fossil fuel burning. At
present, atmospheric G@oncentrations angrescribed not simulatedin large climate
models. To assess impacts of fossil fuel burning, however, we ngeddat time-
evolving atmospheric greenhouse forcing using anthropogenic emissions as the
fundamental input. Predicting atmospheric &fOncentrations represents a substantial
scientific advance because large terrestrial biospheric and oceanic sources/serk®of
are key components of the preseiaty carbon cycle that will likely change in the future.
Models driven by prescribed greenhouse gas emission rates (not concentrations) are
needed to assess impacts of proposed emission policies.

One of the fundameal scientific research problems of the current age concerns
the degree to which human activities may alter global climate (Houghton, et al 1996).
The principal source of potential climate change is the radiatively active “greenhouse”
gas carbon dioxide (Q,) produced from burning fossil fuels. There are other meade
and maninfluenced greenhouse gases (e.g., methane, nitrous oxide, ozone),haCO
the largest overall effect and is expected to dominate future climate change.

At present, humans intrade about 7 petagrams (or gigatons) of fossilfuel
derived carbon into the atmosphere each year in the form of carbon dioxide. This and
previous emissions have resulted in an increase in concentration of atmosphghior@O
about 280 parts per million (jppv) during the mid 18 century to about 370 ppmv today.
The atmospheric concentration is expected to continue to increase until it levels off at
some “stabilization value” depending on governmental agreements to control emissions.

However, not all anthrapgenic CQ stays in the atmosphere. Only about half of
the emissions accumulate, thealled “airborne fraction”. The rest is taken up by the
oceans or vegetation/soils as part of the carbon cycle. These carbon cycle sinks of carbon
dioxide are expectetb change as climate changes.

The terrestrial (mostly plants) and marine (ocean circulation, chemistry and
biology) components of the global carbon cycle transfer large amounts pin@Oand
out of the atmosphere seasonally and geographically. Thusethteansfer of carbon that
occurs, about half the mamade input, is small compared to the large gross fluxes of the
system. This makes simulation a challenge, but more importantly, it helps produce a
system that is delicately balanced and sensitiveitoate change.

The uptake of carbon dioxide by the oceans occurs primarily in a few regional
areas of the high latitudes of the northern and southern hemispheres. These areas are
thought to be susceptible to large changes in ocean circulation that caddraim
global warming. This concern is based on model simulations and observations from the
geologic record of past climate changes.

The longterm uptake of carbon dioxide by land plants can also be perturbed by
changes in climate. Recent simulations halkewn that interannual variations in rainfall
during the past few decades probably resulted in large changes in net carbon uptake by
the land biosphere. Even tkgnof the uptake can vary from year to year. In a globally
warmed future, the response baetland biosphere is uncertain, but it has the potential to
play a large role in determining how much gf@mains in the atmosphere. Added to this
is the uncertain direct effect of extra G@n plant growth, the seoalled “fertilization”
effect.



It is important to emphasize that none of these interactive effects of climate
change on the ocean and land components of the carbon cycle is included in today’s
standard comprehensive climate model projections of future climate. This limitation was
addressed in theevelopment of the LLNL INCCA model system.

The key science questions that INCCA addresses are:

* How might the ocean carbon sink change because of future climate change?
* How might the land carbon sink change because of future climate change?

Technical Approach

Our approach relied on the use of existing models that are well developed and
published. In only a few instances was it necessary to develop new codes for INCCA, and
even then the development relied on a strong foundation of existing work.appreach
was possible because we built on previous efforts at LLNL and elsewhere in climate
modeling and scientific computing.

Comprehensive and credible modeling of the interactions of the carbon cycle and
climate requires models of atmosphere and o@@aulation, the terrestrial (land) carbon
cycle, and the ocean carbon cycle. Each of these components is discussed briefly below.

Atmosphere and Ocean Circulation Modeling

We used the emergirde factonational standard climate modeling system
develomd at the National Center for Atmospheric Research (NCAR) in collaboration
with other national labs, including LLNL, in association with an extensive university user
community. The Community Climate Model Version 3 (CCM3) is used as the
atmospheric circulton modeling component in INCCA.

The ocean circulation model we use is a version of the Parallel Ocean Program
(POP) developed at the Los Alamos National Laboratory (LANL). A coupled version of
POP and CCM3 comprise the model system called PCTM (Pb@&liteate Transitional
Model) that was developed at NCAR.

Together, the atmospheric and oceanic circulation models (PCTM) are referred to
as the climate model portion of INCCA. See Section 2 and 3 of this report for more
information.

Ocean Carbon Cycle deling

INCCA used the ocean carbon cycle model that has been developed at LLNL by
Co-Investigators Ken Caldeira and Jose Milovidthis model performs among the best
of those considered by the Ocean CaHogule Model Intercomparison Project,
particularl in the Southern Hemisphere. The simulation of anthropogenic carbon



dioxide (Caldeira and Duffy, 2000) is among the first to be largely consistent with
observations. See Sections 2 and 3 of this report for more information.

Terrestrial Carbon Cycle Mating

The terrestrial model component of INCCA is IBIS (Integrated Biosphere
Simulator) that has been developed by Jonathan Foley and his team at the University of
Wisconsin (Foley et al., 1996; Kucharik et al., 2000). IBIS describes the physical,
physidogical and ecological processes occurring in vegetation and soils in a coherent,
mechanistic and simple way.

IBIS reconciles the disparity among previous models by representing the
following processes in a single, physicattgnsistent framework: (a) larslirface
biophysical processes; (b) ecosystem physiology and carbon balance processes (Foley,
1995); (c) vegetation phenology (e.g., seasonal effects); (d}dependent plant growth
and competition, and (e) nutrient cycling and soil biogeochemistry.

IBIS has been validated in staatbne mode with irsitu measurements from very
different environments: a tropical forest, a ntaditude pasture, a boreal forest, a prairie
and a soybean crop (Delire and Foley, 1999). Its surface water balance has also been
validated over the continental United States (Lenters et al., 2000). The model has also
been tested with a wide range of continengald globalscale data, including
measurements of river discharge, net primary production, vegetation structure, root
biomass, soil carbon, litter carbon, and soil £fix (Kucharik et al., 2000). The ability
of IBIS to simulate short and long time scale processes and carbon cycling in both
vegetation and soils makes IBIS a good tool for use within a coupled climate arahcarb
cycle modeling system.

The development of IBIS yielded two important landmarks in vegetation
modeling:

» IBIS was the first published dynamic global vegetation model that could be used
to simulate transient changes in ecosystem processes, vegetatwnaroy
carbon cycle effects in response to climate and land use change.

* IBIS was the first timedependent ecosystem model to be incorporated within
atmospheric general circulation models. While at NCAR, Thompson, the INCCA
Pl, worked with Foley to incomrate IBIS into the GENESIS earth system model
(Foley et al., 1998, Thompson and Pollard, 1995).

The INCCA Project Team
Principal Investigator
Starley L. Thompsonis a member of the Climate and Carbon Cycle Modeling Group of

the Atmospheric Science dsion of LLNL. Expertise: climate modeling, land surface
processes and earth system model development. He led the GENESIS Earth System



Modeling project at the National Center for Atmospheric Research before coming to
LLNL in 1999.

Co-Investigators

Ken Caldeira is a member of the Climate and Carbon Cycle Modeling Group of the
Atmospheric Science Division. He is an authority on the simulation of the oceanic
component of the carbon cycle and veasdirector of the DOE Ocean Carbon
Sequestration Center. He & member of the US Carbon Cycle Science Plan Interagency
Advisory Committee.

Christine Delire is a Research Associate at the Center for Sustainability and the Global
Environment (SAGE) in the Institute for Environmental Studies at the University of
Wisoonsin. Expertise: climateegetation interactions and global climate modeling.

Philip B. Duffy is leader of theClimate and Carbon Cycle Modeling Group of the
Atmospheric Science Division. He is a recognized authority on numerical modeling of
ocean circudtion and on climate change.

Jonathan Foleyis an Associate Professor of Atmospheric & Oceanic Sciences and
Environmental Studies at the University of Wisconsin, Madison. He is an internationally
recognized authority on terrestrial ecosystem and biogevicia¢ modeling, ana

member of the US Carbon Cycle Science Plan Interagency Advisory Committee.

Bala Govindasamyis a member of the Climate and Carbon Cycle Modeling Group of
the Atmospheric Science Division. Expertise: climate modeling and use of tA&RNC
climate models.

Jose Milovichis a computational physicist at the Center for Applied Scientific
Computing (CASC). Expertise: fluid dynamics models on various high performance
platforms.

Arthur Mirin  is a computational physicist at the Center for ApglScientific

Computing (CASC). Expertise: climate models on massively parallel computers.
Technical Outcome

We have developed a climatarbon simulation capability and have performed raulti

century simulations with the fully coupled INCCA system. tats 2 and 3 of this
report describe the results and significance of our primary work.
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2. Effect of limited CO-, fertilization on computed future climate: Quantifying
uncertainty in the INCCA coupled climate-carbon model

Fossil fuel burning and some lanudechanges release Gto the atmosphere,
where it traps radiation and warms the planet. The response of the land biosphere to this
CO; increase and climatic change is not fully understood. Higher €&@centration
directly stimulates leaf photosynthesigdauitimately plant growth when water and
nutrients are available. Higher CO2 also favors stomatal closure increasing theuseater
efficiency of the plants and favoring growth in watenited situations. Biomass may
thus be expected to increase with hightmospheric Colevels. However, recent
experiments indicate that positive effects of Zéxtilization may saturate quickly, and
higher global temperatures may accelerate respiration leading to biomass loss. To
evaluate the approximate upper and loweits of land sequestration of carbon, we
performed two simulations using the fully coupled INCCA carmtimate ocean
atmosphere general circulation model. In one, the land biosphere continues to be
vigorously fertilized by added C{and absorbs C&from the atmosphere throughout the
21st century. In the second case, G@&rtilization of the lanebiosphere is assumed to
saturate in year 2000. In the latter case, the land biosphere becomes a net sourge of CO
to the atmosphere by 2050, and the land seqaiésir of carbon decreases from 42% to
5% of the total emissions between 1870 and 2100. The predicted atmospheric CO
concentration at year 2100 differs by 336 ppmv between the two cases, representing a
40% difference. We conclude that current uncertairiigbe competing effects of CO
fertilization and increased temperature preclude determination of whether the land
biosphere will amplify or damp the direct G@ffects of fossifuel burning and landise
change.

The physical climatic system and the camlycle are a tightly coupled system, as
changes in climate affect exchange of atmospherig Wi the land biosphere and the
ocean. Changes in these ¢flixes affect Earth’s radiative forcing and the physical
climatic system. Any changes in the functioheither the terrestrial biosphere or the
ocean- whether anticipated or netcould have significant effects on the fraction of
fossil fuel CQ that stays in the atmosphere (1). The magnitude of the feedbacks within
the coupled system is poorly constrad. Results from two recent modeling studies (2,3)
led to different conclusions regarding the role of the land biosphere in future global
change. Both used coupled climatarbon oceamtmosphere general circulation models
representing the dynamic resperd Earth’s climate and carbon system toCO
emissions. In the HadCM3 simulation (2), the land biosphere becomes a net source of
CO, to the atmosphere by year 2050, whereas in the IPSL simulation (3), it remains a net
sink throughout the Zicentury. Hee, we show that we can produce this change of sign
in biosphere response by changing only one unique assumption in a fully coupled three
dimensional model: whether G@ertilization rapidly saturates in terrestrial ecosystems.

Higher atmospheric C&xoncettration stimulates legbhotosynthesis and favors
stomatal closure allowing more efficient use of available w@grModels incorporating
this dynamic without nutrient constraints to growth tend to be more sensitive o0 CO
fertilization (5, 6). Howeverin real ecosystems, availability of nitrogen or phosphorous



may limit growth, diminishing the sensitivity to added €(-9). In a recent study using
results from six land biosphere models, it is shown that the estimated future availability
of nitrogen ismuch less (by a factor of two) than is required to support €@ilization

in six CO-only simulations and four Cg&xlimate simulations (9). There is also
experimental evidence that the net production of some ecosystems may decline after a
few years of gposure to elevated CQevels and global changes like increased
temperature and precipitation predicted by models (10).

To investigate the dynamics of the land biosphere in the coupled climatic system,
we developed the INCCA (INtegrated Climate CArbon)dabof the dynamics and
carbonbalance of the ocean, atmosphere, and4surdiace. The physical ocean
atmosphere model is the NCAR/DOE PCTM model (11, 12), which is a version of the
NCAR CCM 3.2 model (13) coupled to the LANL POP ocean model (14, 15). The
climate model is coupled to a terrestrial biosphere model, the Integrated Biosphere
Simulator version 2 or IBIS@L6, 17), and an ocean biogeochemistry model. The
horizontal resolution of land and atmosphere models is approximately 2.8° in latitude and
2.8° in longitude with 18 vertical levels. The ocean model has a horizontal resolution of
(2/3)° with 40 vertical levels.

IBIS2 is a model of langsurface physics, canopy physiology, plant phenology,
vegetation dynamics and competition, and carbon cyclingrimiural vegetation. It
simulates surface water, energy, and carbon fluxes on hourly timesteps and integrates
them over the year to estimate annual water and carbon balance (16, 17). The annual
carbon balance of vegetation is used to predict changegile#i area index and biomass
for each of 12 plant functional types, which compete for light and water using different
ecological strategies. IBIS2 also simulates carbon cycling through litter and soil organic
matter.

The ocean biogeochemistry model isbd on the Ocean Carbaycle Model
Intercomparison Project (OCMIP) “biotic” protocol (18). This model predictsaa CQ
fluxes, biogenic export of organic matter and calcium carbonate, and distributions of
dissolved inorganic carbon, phosphate, oxygkalinity, and dissolved organic matter.

In the OCMIP protocol, export of biogenic materials is computed to maintain observed
upper ocean nutrient concentrations. However, because our simulations involve changes
in ocean circulation, we cannot make tlesamption that surface nutrient concentrations
remain stationary. Therefore, we replaced the OCMIP export formulation with a
formulation based on that of Maieteimer (19, 20)

We integrated the fully coupled model for more than 200 years to equilibraie to
1870 “preindustrial” initial condition (21). We perform three model cases starting from
this preindustrial initial state:

0] "Control” case with no C@ emissions and thus no change in radiative
forcing for the period 187@100. Model drift evaluated fothe period 1902100 is a
cooling of 0.35 K in mean surface temperature, and a 3.14 ppmv increase in atmospheric
CO, concentration. Both are residuals from a slight imbalance in the initial state. Since
the control drifts are minimal, they are not sulsted from the other simulations in our
analysis.

(i) "Fertilization" case with C@ emissions specified at historical levels for
18702000 (22) and that follow the IPCC scenario SRES A2 from 2P000 (1). Non
CO, greenhouse gas concentrations are specifiddstorical levels for 1872000 and



SRES A2 levels from 200Q100 (1). Land use emissions are taken from (23) for the
historical period and from the SRES A2 scenario thereafter. There is no change in aerosol
forcing. In this scenario, total emissions re&hGtC per year in 2100 AD from present
day values of 8 GtC per year.

(i)  “Saturation” case is identical to the fertilization case except thee CO
fertilization is assumed to saturate at the year 2000 concentration (366 ppmv); the land
model is forced not wit the predicted C@after year 2000, but with a prescribed €0
concentration of 366 ppmv.

We believe that these cases will bracket the reasonable range of nitrogen and/or
other limitation on carbon sequestration in the terrestrial biosphere. Since 1Bé&2 isf
the most responsive models to g@rtilization (6), the fertilization case will probably
approximate an upper limit to the land uptake of carbon assuming unlimited
nitrogen/nutrient availability. Capping all fertilization at its year 2000 valuetha
saturation case will approximate a strongly nitrogen/nutrient limited system.

Figure 1a shows that assumptions regarding-8&uration of the land biosphere
greatly affect the atmospheric concentration of,C@ear 2100 atmospheric GO
concentrationsare 336 ppmv higher in the saturation case than in the fertilization case. In
the SRES A2 scenario, 1790 GtC are emitted to the atmosphere overthergdry;
atmospheric C@content increases by 776 (366 ppmv) and 1489 (702 ppmv) GtC in our
fertilizéion and saturation cases, respectively.

The global climatecarbon cycle feedback factor is a useful system metric defined
as the ratio of C@change when climate is changing to the £&Bange when climate is
constant (24). We performed a constahinatesimulation with full emissions to
determine this factor and obtained a value of 1.13 for our fertilization case. The feedback
factors for similar fertilization simulations are 1.19 for IPSL (3) and 1.68 for HadCM3
(2). Therefore, our model shows the wesikpositive feedback between climate and the
carbon cycle of the current published results for fertilization cases. Note, however, that
our feedback factor increases to 2.05 in our saturation case. This is an indication of the
uncertainty in quantifyingrte climatecarbon cycle feedback arising from a single model
assumption.

The temperature difference at 2100 between the saturation and fertilization cases
is only 0.7 K (Fig. 1b), but it should be noted that the climatic system has large thermal
inertia die to the large heat capacity of the oceans. If the simulations were run to
equilibrium with the year 2100 CQralues, the temperature difference would be
approximately 1.1 C (estimated from the PCTM equilibrium climate sensitivity of 2.1 K
per doubling ofCO,)

Simulation results (Fig. 2a) show that assumptions regarding the saturation of
COy-fertilization fluxes can affect the sign of atmosphere/lHanasphere CQflux by
century’s end. In the case of the land biosphere, there is competition betweerCdixect
effects and temperature effects. As discussed above, direcef@ts can be expected to
lead to increased biomass, but temperature effects can lead to increased heterotrophic
respiration and loss of soil carbon (2, 3, 6, 25), at least until a plesadzlimation of soil
microbiology to the higher temperatures. In the “saturation” simulation, by century’s end,
the landbiosphere has become a net source of @Qhe atmosphere, as temperature
effects dominate C&fertilization effects. In the “fertization” simulation, CQ-



fertilization effects dominate temperature effects, resulting in continued net biosphere
growth.

In contrast to the HadCM3 simulation (2), but in agreement with the IPSL
simulation (3), our land carbon cycle model does not becomet aource of carbon to
the atmosphere in the fertilization case. In the fertilization simulation with HadCM3 (2),
vegetation carbon begins to decline, and a drying and warming of Amazonia initiates loss
of forest and soil carbon. A loss of vegetationtni@ss does not occur in either of our
simulations, but soil carbon does decline by year 2100 in our saturation case.

Between year 2000 and year 2100, ocean/atmosphere carbon fluxes show
significant differences between the two simulations (Fig. 2b). Ocedionastorage
increases by 269 and 357 GtC in the two simulations (Fig 2c¢). Ocean uptake is greater in
the “saturation” simulation because atmospheric C@hcentrations are greater, driving
an increased flux of C&from the atmosphere to the ocean (26,. 2¥Qwever, surface
warming tends to reduce the dissolution of atmospherig i@@he ocean. Surface
warming also causes increased thermal stratification, which inhibits downward transport
of anthropogenic carbon. However, with increased stratificatiorresieence time of
nutrients in the euphotic zone increases, allowing a greater fraction of nutrients to be
exported from the surface layers as particulate organic carbon. This effect tends to
counteract some of the direct physical effects of increasatifgtation (26, 27). The
direct CQ effects appear to be much larger than the temperature effects; hence CO
added to the atmosphere drives an increased flux into the ocean in the saturation case.

Cumulative emissions since 1870 reach 2200 GtC by yed gAi@. 2c). In the
fertilization case, the land biosphere and the oceans sequester 919 GtC (42%) and 346
GtC (15.5%) of the total emissions respectively. In the saturation case, the corresponding
amounts are 104 GtC (5%) and 435 GtC (19.5%). Therefone, $@questration of carbon
due to the degree of CQertilization varies from 5% to 42% of the total emissions in our
model. The remaining amounts 935 GtC (42.5%) and 1661 GtC (75.5%) stay in the
atmosphere in the fertilization and saturation cases respgct

The C:N of soil in our model is approximately 11. Assuming a constant C:N ratio
of 200 for live biomass (9), the total land ecosystem nitrogen increases by 20 Gt between
year 2000 and 2100 in the fertilization case. This is much larger than estiwaich
show that only 6 Gt of additional nitrogen could accumulate in the terrestrial biosphere
by 2100 (9). In contrast, in the saturation case nitrogen in the terrestrial biosphere
declines by 8 Gt during the same period. A large accumulation of @tragone case
and its release in the other suggest that our simulations bracket reasonably the range of
nitrogen/nutrient limitations on carbon sequestration in the terrestrial biosphere.

The geography of simulated carbon uptake in the fertilization casethe period
18702100 (Fig. 3) shows that anthropogenic carbon is stored on land primarily in areas
of high vegetation productivity (Amazonia, central Africa, south and southeast Asia, and
the boreal forests). Currents and circulation make storagewbatenore uniform for the
ocean, but it is higher in the North Atlantic and M&buthern Oceans, which reflects
proximity to regions of net C@uptake (28, 29).

Even without the nutrient limitations, the enhanced physiological effects gf CO
on productiviy and water use efficiency could asymptote at high,€@ncentration(30,

31). If saturation of C@fertilization will occur before saturation of greenhouse
warming IRabsorption bands, the carbon loss due to warming may be the dominant long



term impacton the landbiosphere; the ability of land to sequester future emissions will

be hampered. The climate model used here has temperature sensitivity to increased CO
(2.1 K per doubling)(1) that is at the lower end of the range of the general model
populatbn (1.5 to 4.5 K)(33). A more sensitive climate model would increase the amount
of warming, increasing heterotrophic respiratory fluxes even more. Hence, high climate
sensitivity is more likely to amplify carbon losses from the land biosphere; a low @imat
sensitivity is more likely to damp the climate effects of £#Missions, with carbon

uptake by the biosphere dominated by G&rtilization.

We are in the infancy of developing mechanistic understanding of the controls on
land-biosphere carbon fluxes amelpresenting that understanding in global gridded
models. Right now, whether the latiosphere damps or amplifies global warming
seems to depend on highly uncertain assumptions regarding the response of the biosphere
to increased C@and a changed climae. These uncertainties could perhaps be narrowed
with investigation of carbon dynamics across a broad range of ecosystems and climatic
regimes, often including manipulation experiments, and redoubled efforts to represent
those dynamics numerically. Withotltis research, we cannot predict if the land
biosphere will help or hinder our efforts to stabilize climate.
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Section 2, Figures

Figure 1. (a) Simulated atmospheric G&om 1870 to 2100. Unforced control (black),
fertilization case (green), argaturated case (red). Black dots are observegd CO
concentrations. If CeXfertilization saturates early, the lafdosphere becomes
a net source of C&xo the atmosphere, amplifying anthropogenic,CO
emissions. (b) Simulated global mean surface temperé&tutbe same cases as

().

Figure 2. (a) Global flux of carbon from land to atmosphere. Unforced control (black),
fertilization case (green), and saturated case (red). In the saturated case the land
becomes a net source of carbon by year 2050. (b) Time & (a) but for
carbon flux from ocean to atmosphere. (c) Global carbon change from the 1870
“pre-industrial” starting point. Total earth system (black), land (solid), and
ocean (dashed). Fertilization case (green), and saturated case (red)

Figure 3. The simulated geography of carbon stored in the earth system over the period
from 1870 to 2100 (column integrated carbon in kg C¥) in the fertilization
case. Anthropogenic carbon is stored primarily in areas of high vegetation
productivity and/or coole climates over land. Owing to currents, storage is
somewhat more uniform for the oceans, but higher in the North Atlantic and
Mid-Southern oceans which reflects proximity to regions of net G@ake.
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3. Dependence otarbon cycle feedback onclimate sensitivity: Results from the
INCCA coupled climate and carbon cycle model

Coupled climate and carbon cycle modeling studies have shown that the feedback
between global warming artiecarbon cyle, in particulatheterrestrial carbon cycle,
could accelerate climate change and result in larger warming. In this paper, we
investigate the sensitivity of this feedback for y@4100 global warming in the range of O
K to 8 K. Differing climate sensitiities to increased C{rontent are imposed on the
carbon cycle models for the same emissions. Emissions from the SRES A2 scenario are
used. We use theLNL INtegrated Climate and CArbanode) INCCA (i.e., the NCAR
Parallel Coupled Model coupled toehBIS terrestrial biosphere model and a modified
OCMIP ocean biogeochemistry model). In our model, for scenarios with3/Hz0
global warming increasing from® 8 K, land uptake decreases from 47% to 29% of
total CQ, emissions. Due to competirgdfects, ocean uptake (16%) shows almost no
change at all. Atmospheric G@oncentration increases wet8 higher in the run with
8 K climate change than in the zecimate sensitivity case. Our resulisdicatethat
carbon cycle amplification aflimate warmingwill be greater if there is higér climate
sensitivity to increased atmospheric £&ntent

The physical climate system and the global carbon cyclégindy coupled as
changes in climate affect exchange of aspieeric CQ with theland surface and ocean
During the 1980s, oceanic and terrestrial uptake of carbon amounted to a quarter to a
third of anthropogenic C&emissions with strong interannual variability (Braswell et al.,
1997; Prentice et al2000; 2001)Changes in these GGluxes affect Earth’s radiative
forcing and the physical climate systefbetter understanding of carbon balance
dynamics is required for interpreting variatiansatmospherdiosphere exchange (Fung
et al., 1997) and for evaluating policies to mitigate anthropogenig&ssions (United
Nations Framework Convention on Climate Change 1997; IGBP Terrestrial Carbon
Working Group 1998).

Anthropogenic emissions ob$sil fuels and land use change are expected to lead
to significant climate change in thettue (IPCC, 2001). Both climate change and
elevated C@Qhave impact on land and ocean carbon uptake. Photosynthesis by plants
will increasewith increased atmospheric G@ontent(the socalled CQ fertilization
effect) because increased atmospheric @&mits plant stomatal openings to narrow,
thereby diminishing water loss and increasing water use efficidtawever the
enhanced physiological effects of @@n productivity and water use efficiency
asymptote at high C{roncentration(King et al., 1997; Cao and Woodward, 1998).
Increasedjlobaltemperatureare expected tincreaseheterotrophic respiratiorates,
diminishing orevenreversing the C@flux from the atmosphere to the land biosphere
(Cox et al., 2000; Friedlingstein et al., 20@ramer et al., 2001; Joos et al., 2001).
Studies on ocean carbon uptake hauggestedhatglobal warmingreduce uptake of
carbon by oceans (Sarmiento and Le Quere, 1996; Sarmiento et al., TBB3)ccurs
primarily because C@s less soluble in warmer water and increased stratification would
tend to inhibit downward transport of anthropogenic carbon.

Oneway tostudythefeedbacks between the physical climate system and carbon
cycles isto use threedimensional coupled ocean/atmosphdammatecarboncycle



general circulatioomodels Two suchmodels have published results representing the
dynamical response ofdtth’s climate and carbon system to £€nissions (Cox et al.,
2000, Friedlingstein et al., 2001). The study by Cox et al. (2000) showed a very large
positive feedback and the other study showed a much weaker feedbdekdiack
analysis by Fridlingstein et al. (2003ndicatedthat the differences between the model
resuls were dugrimarily to Southern Ocean circulation and land carbon response to
global warming. However, land response to climate chamgethedominantdifference
between the two model simulation§the 2£' century In the HadCM3 model (Cox et al.,
2000), the land biosphere became a net source oft€@e atmosphere, whereas in the
IPSL model (Friedlingstein et al., 2001), the land biosplveais a net sink of C&from
the atmosphere.

Using thelNtegrated Climate and CArbotNCCA) mode| we attemptedn
Section 2 of this repottb bracketuncertainty in terrestrial uptalaising from
uncertainty in the landbiosphere C@fertilization effect They performednesimulation
in which theland-biosphere modeakas very sensitive to CQertilization andanother
simulationin which the land uptake was restrained by limiti@@. fertilization at present
day levels. The fertilizatioimited run was designed t@present the possibility that GO
fertilization effectcould saturateapidly, perhaps due toutrient limitations Through
2100 AD,theland was a very strong sink of carbon in {8&,-fertilized simulation put
it became a source of carbon to the atmosphere in the fertilizitnated simulation. The
predicted atmospheric G@t year 210@liffered by 336 ppmv between the two cases. In
the fertilizationlimited run, the vegetation biomass was stable, but the adilan pool
was shrinking becaus# climate changenducedincreases in heterotrophic respiration

The climate model useldas aclimate sensitivity ( ~ 2.XK for a doubling of CQ)
near the lav-end of the conventionally accepted range (1.5 to 4.5 K per-@sbling
IPCC, 200). The land surfaces more likely to damp the effects of G@missionsf
climate sensitivity is lowwith carbon uptake by the biosphere doméathby CQ
fertilization. Higher climate sensitivity is more likely to amplify the effect of £O
emissionsbecause increageespiration rates at higher temperatures would be expected
to inducecarbon losses from the land biosphere. In this studyaddress the dependence
of terrestrial and ocean carbon uptakes on climate sensitivity using the coupled climate
and carbon cycle modeeveloped at LLNLThe major purpose is to investigate the
sensitivity of carbon cycléeedbacks to climate sensitivityhe climate change range we
have studied in this work is-8 K warming of global and annual mean fage
temperature by 2100AD for the SRES A2 ScendiRCC, 2003) Thewarmingproduced
herebracketghe 1.4—- 5.8 K warmingfor year2100projected by IPCC (2001). Our
results are from a single modeling study and validation using other coupled climate and
carbon cycle models is required.

To investigatdahe sensitivity of the land and ocean carbon cycle to climate in the
coupled climate system we use the INCCA (INtegrated ClirmatdCArbon) model of
the dynamics and carbdwalance in the ocean, atmosphere, and‘sundae. The
physical ocearatmosphere model is the NCAR PCM model (Washington et al., 2000),
which is a version of the NCAR CCM 3.2 model (Kiehl et al., 1996) coupled to the
LANL POP ocean model (Dukowicz and Smith, 1994; Maltrud et al., 1998). The climate
model is coufed to a terrestrial biosphere model, Integrated Biosphere Simwatsion
2 or IBIS2 (Foley et al., 1996; Kucharik, et. al., 2000) and an ocean biogeochemistry



model. The horizontal resolution of land and atmosphere models is approximately 2.8° in
latitude and 2.8° in longitude. The ocean model has a horizontal resolution df. (PH&)
atmosphere and ocean models have 18 and 40 levels in the vedsgactively.

Land surface biophysics, terrestrial carbon flux and global vegetation dynamics
are repesented in a single, physically consistent modeling framework within IBIS. IBIS
simulatessurface water, energy and carbon fluxes on hourly timesteps and integrates
them over the year to estimate annual water and carbondmldhe annual carbon
balance of vegetation is used to predict changes in the leaf area index and biomass for
each of 12 plant functional types, which compete for light and water using different
ecological strategies. IBIS also simulates carbon cyclinguth litter and soil organic
matter. When driven by observed climatological datasets, the model®qgeidibrium
runoff, Net Primary Productivity (NPP), and vegetation categories show a fair degree of
agreement with observatior{§oley et al., 1996; Kcharik, et. al., 2000).

The ocean biogeochemistry model is based on the Ocean Caybt:
Intercomparison Project (OCMIP) Biotic protocols (Najjar and Orr, 1999). This model
predicts airsea CQ fluxes, biogenic export of organic matter and calcium cagbepand
distributions of dissolved inorganic carbon, phosphate, oxygen, alkalinity, and dissolved
organic matter. In the OCMIP protocol, export of biogenic materials is computed to
maintain observed upper ocean nutrient concentrations. However, because ou
simulations involve changes in ocean circulation, we cannot make the assumption that
surface nutrient concentrations remain stationary. Therefore, we replaced the OCMIP
export formulation with a formulation based on that of Magimer (1993), as
descrbed inSection 2

We developed a 1870 “priadustrial” initial condition with more than 200 years
of fully coupled equilibration before the start of experiments. During the first half of the
spin up periodchangesn soil carborpools wereaccelerated by a factor of 40/e
performfour model simulations starting from the predustrial initial conditions:

"Control” casewith no change in forcindor the period 187€210Q Climate drift
evaluatedor the periodl9002100 is—0.35 Kchange in mean surface temperature
(Table 1) about 64 % growth in sea ice exterit4.2 % growth in ice volume 3.14 ppmv
increasan atmospheric C@concentrationand 9.3Gt C increasean soil carbon

"1 x Sensitivity' caseis the INGCA model in its standard configuratioffhe
radiative forcing of atmospheric G@n the climate systems calculated based on
simulated atmospheric G@ontent.CO, emissions are specified at historical levels for
18702000 (Marland et al., 2003ndSRES A2 levels from 2006100 (IPCC, 2001)
Non-CO, greenhouse gas concentrations are specified at historical levels fo20800
and SRES A2 levels from 20a®100(IPCC, 2001) Land use emissions are taken from
Houghton (2003) fothe historical period and from SRES A2 scenario thereatfteere is
no change in aerosol forcinfn this scenario, total emissions reach 29@Gper year in
2100 AD from present day values of 8-Gtper year.

"0 x Sensitivity' case is identical tohg’l x Sensitivity" caseexcept that the
radiation code continues to see the-prdustrial atmospheric C{Qrontent, yielding a
climate sensitivity of 0 K per C®@doubling.Though the land and ocean carbon cycle
models are forced by the predictatmhospheric C@concentrationthe physical climate
system is notOur "Ox Sensitivity' case is similar to the uncoupled simulations in Cox et



al. (2000) and Friedlingstein et al. (2001) except that our simulations are not performed
offline.

"2 x Sensitivity' case is identical to the "1 8ensitivity' case except that the
radiation code sees an amount of {®the atmosphere that would roughly double the
radiative forcing from anthropogenic GOr'he carbon cycle models use thetal
predicted CQ. Prescribed noi€O, greenhouse gas concentrations as seen by the climate
system are also modified so that the radiative forcing is approximately that@f"1 x
Sensitivity'. The methods used to modify the concentnagiareas follows.

The greenhouse gases used in our model arg CBy, N,O, CFC11 and

CFC12. The functional dependence of radiative forcing on greenhouse gases is
taken from IPCC (1997). Suppose we want N times the actual forcingCgr

the forcing F is calculated as

F =K In (C(t)/Co),

where C is the predicted concentration of £d Co is the préendustrial
concentration. K is a constant that varies with the model. We multiply C by the
ratio[ C/Co["* for performing the radigon calculations in the GCM to ensure
approximately N times the actual forcing.

Omitting the overlap terms, the radiative forcing for £&hd NO is given by F
=k (Sqgrt(M)— Sqrt(Mo)) where M is the concentration, Mo is theqomdustrial
concentrationand k = 0.036 for Cland k = 0.14 for NO. We multiply M by

[N + (1 =N) Sqgrt (Co/C)}to increase the radiative forcing by N times. Since
the forcing of CFC11 and CFC12 varies linearly with their concentrations, we
just multiply their concentrationsytN to get N times the actual forcing.

This would be expected to roughly double the climate sensitivity of the model.
We do not expect that the radiative forcing and climate change iB@nsitivitywill be
exactly twice of that in 1 Sensitivityfor the following two reasons. First, we have used
approximate formulae to double the forcings in 3ensitivity Secondly our results show
that the predicted C£xoncentration in 2 X6ensitivityis slightly higher than in 1 x
Sensitivity

The main purpose of these experiments is to provigdetaf coupled
climate/carborcycle simulations across which the only varying factor is climate
sensitivity to increasedtmospheric C@concentrationBy keeping all other factors
constant, we simplify analysis of our results.

The global and annual mean transient climate responses are liskadlal. The
response is computed by differencing the averages 12000 AD and 181-1900
AD. Since the climate drifts are sméHig. 1), we do not subtract the drifts from these
meansThe evolution of global and annual means of surface temperature and atmospheric
CO, concentration from théour simulations is shown in Fig. 1. The climatees not
warm in the0 x Sensitivityexperimentwarms by about 2 K in the 1 xSensitivity
experimentand by8 K in the 2 xSensitivity Because our experiments are transient
experimentsthe change in net radiative flux at the top of the atmosphmetex



Sensitivityand 2 xSensitivityare not close to zerd@he net imbalance i@ x Sensitivity
is 2.4 timesthat in 1 xSensitivity The warming inthe2 x Sensitivityrun is 2.5 timesthat
in 1 x Sensitivity indicating thathe climateresponse is approximately proportional to
radiative forcing Changes in other global variables sushpaecipitation, precipitable
water and sea ice extent in 2ensitivityare also more than twidbe changes ithel x
Sensitivityrun (Table 1). Inthe2 x Sensitivitycase, there is a decline of nearly % of
ice volume. We find that the sea ice disappears completely in both the hemispheres in
their respective summers in that run.

The predicted C@concentrations at 2108 1 x Sensitivityand 2 xSensitivity
are 72 and 857 ppmv respectivel@incethe 2 x Sensitivitycase hatigher CQ
concentrationst actually has more than twice the €@diative forcingthanin 1 x
Sensitivity This extra forcingof CO, in 2 x Sensitivity is about 2 Wrif and can explain
nearly half of the extrd.8 K warming.We neglected theegativeoverlap terms in the
radiative forcing formulae for methane and nitrous oxide when we doubled the radiative
forcing for thesegases (Appendix A)Since these terms decrease the ragkdbrcing
and we have neglected thethe 2 x Sensitivitycase receives more than twice the
radiative forcing ofL x Sensitivitydue toCH, and NO alsa

The atmospheric C£concentration increases fratime pre-industrial level inthe
0 x Sensitivity and 1xSensitivitycases by 391 and 442 ppmv respectively (Fig. 1). The
difference is only 51 ppmv between tBex Sensitivityand1 x Sensitivitycases. Cox et
al. (2000) and Friedfigstein et al. (2001) obtained differences of about 250 and 100
ppmvrespectively in their model3.heir year2100 warmings were 5.5 and 3 K
respectivelyThe“carbon cycle feedback factois defined as the ratio of C{&hange
when climate is changing tihe CQ change when climate is constant (Friedlingstein et
al., 2003). The implied net carbon cycle feedback factor in our simulations is 1.13. The
net carbon cycle feedback factors are 1.19 and 1.675 in Friedlingstein et al. (2001) and
Cox et al. (2000yespectively. Therefore, our model shows the weakest feedback
between climate and carbon cycle among the existing coupled climate and carbon cycle
models. However, the COn the 2 xSensitivitycase increases by 578 ppmv and the
carbon cyat feedback factor increases to 1.48. Atmospherig @Dcentrations are 176
ppmv higher in the run with 8 K climate change than in the with no climate change.
Therefore, there is a nonlinear increase in the carbon cycle feedback with warming.

The global and annual mean net land and ocean uptakes are shown in Fig.2. The
interannual variability is smoothed by performing-gi5running mean. The land uptake
increases monotonically with time in tliexSensitivity case and it reaches values larger
than 10 GIC per year by 2100 AD, more than a third of the emission aatéat time.
The effect of CQ fertilization is probably exaggerated in these simulations because we
do not consider factors oththan limitation by sunlight, water, and carbon dioxide.
Inclusion of other factors, such as nitrogen or phosphate limitatigt diminish the
magnitudeof the response to added @®ungate et al. 2003Compared to similar
models, IBIS also teds to simulate higher fertilization effect (Mc Guire et al, 2001).
Land uptakeof carbon is similain the 0 xSensitivityand1x Sensitivitycasesup to 2070
AD; after this the x Sensitivitycase takes up less carbon than theSexsitivitycase
because of iorease irheterotrophic (soil microbial) respiration (Fig.3)helarger
warming in 2 xSensitivityresults in significantly increased $anicrobial respiration and
reduced land uptakef carbon(Fig.3) soil carbon content declines after 209beland



biospherdakes up less than half the carbon it takes up in theS@msitivitycaseafter
2050 (Fig.2) Interannualariability increassin all cases after 2050, presumably because
of the larger carbon pools in the terrestrial biosphere.

Our results are in agreement with Friedlirgatet al. (2001) who obtained
reduced land uptake with climate change in the IPSL model whencG@rentrations
were increasing at 1% per annum. However, our results are in sharp contrast to Cox et al.
(2000) who showed that land becomes a source of ceabaund 2050 AD when they
forced their model HadCM3 with 1S92a scenaiidith the HadCM3 model, a drying and
warming of the Amazon initiates a collapse of the tropical forest followed by large
releases of soil carbo&uch a loss of vegetation biomassd soil carborcontentdoes
not occur in ourl x Sensitivitysimulation(Fig. 3). The increase aflobal meariNet
Primary Productivity (NP) with timeis very similar intheO x, 1 x, and 2 x Sensitivity
experimentsWe do not see any sign of declines in biomagth warmingeven in the 2 x
Sensitivity caseln 1 x Sensitivity both vegetation biomass and soil carboa a
increasing since the warming is only2X (as opposed t6.5 K in HadCM3). In 2 x
Sensitivity soil carbon is decreasing because of increased respiration due to a 8 K
warming, but biomasstill keeps increasinffig. 3).

For theO x Sensitivity run, ocean uptake also shows a monotonic increase in
uptake up to 2100 AD because of rising atmospheri¢ (%).2). The uptake reaches
about3.5 GtC per year, only a third of the land uptaKenhis may be an underestimate, as
the model tends to underestiméistoricalocean carbio uptake ¢ee Section 20cean
uptakes in Ix Sensitivityand 2 xSensitivityare similar to thé x Sensitivityrun.
Apparently, the increase in uptake due to further increases in atmospherio @@se
simulations is offset by the decrease in uptake dueaowing. Surface warming tends to
reduce the dissolution of atmospheric £0@the ocean. Surface warming also causes
increased thermal stratification, whiathibits downward transport of #mopogenic
carbon However, with increagestratification, the residence time of nutrients in the
euphotic zone increases, allowing a greater fraction of nutrients to be exported from the
surface layers as particulate organic carbon. €ffisct tends tawounteracsomeof the
direct physicakffects of increased stratification (Sarmiento et al.,8)99

In HadCM3 and IPSL simulationslimate changén their “1 x Sensitivity
simulations producelbssocean carbon uptake than in théd x Sensitivity simulations
(Cox et al., 2000; Friedlingstein et al., 200@ur ocean modelesultsaremore similar to
those ofCox et al. (200Quptake in HadCM3vas~ 5 GtC per yearthan those of
Friedlingstein et a(2001). In the IPSL simulation (Friedlingsteet al., 2001), ocean
uptake was- 10 GtC per yeatin the “0 x Sensitivity simulationdue to strong
convection in the Southern Ocedhis uptake decreased moderatelyheir“1 x
Sensitivity simulation

Under the SRE®2 scenario, total emissions reach 29Gper year at year 2100
AD. Cumulativeanthropogenic emissions for the period 187@100amounts to 2200
Gt C. The amounts taken up by land and ocean are shown . Figthe0 x Sensitivity
caseland takes up 1031 &2, nearly 50 percent of the emissions (F4g). The uptake is
reduced to 919 and 629 &t in 1 x Sensitivityand 2 xSensitivityruns respectively.
Therefore, land uptakéecreasefom 47to 29 %(1031to 629 GtC) of the total
emissionsas theglobaltemperature changecreases fron to 8 K in our model.
HadCM3 modeling study showed a range-6fto 34 % 100 GtC to 650 GtC) of the



1900 GtC emissions of the 1IS92a scenario for the same temperature range (Cox et al.,
2000; Friedlingstein et al., 2003). Therefore, there is a laagge ofmodelprojections of
future land uptakén currentcoupled climate/carbon modelsriedlingstein et al. (2003)
demonstrated that the climate impact on the land carbon cycle is mainly responsible for
the large difference in the overall response of the IPSL and HadCM3 models.

Total ocean uptake in ollrx Sensitivity 1 x Sensitivityand 2 xSensitivitycases
differ little (Fig. 4b). The net uptake over the period 187000 is around 350 &€ in all
the runs. Thereforduture ocean carbon uptak@pears to be relatively insensitive to
uncertainty in climate sensitivityy our modelfor specified CQ emission scenario$n
agreement with our refig, Cox et al. (2000) and Fridlingstein et al. (2001) obtained only
modest sensitivity of the ocean carbon uptake to climate change in HadCM2 and IPSL
models.

The fraction of theeumulativeanthropogenic emissions that remains in the
atmosphere at grtime since 1870 depends on the climate change @€g.Since the
averaging time interval increases with time, the fractions exhibit little variability in the
later periods and the curves become smooth towards the end of simulations. The fractions
from all the runs are close to each other until 1970. After that, they diverge from each
other. In0 x Sensitivity only 37% of the total emissions remain in the atmosphere by
2100 AD. This fraction reaches 43% and 55% in $ensitivityand 2 xSensitivity
respectively. Therefore, the fraction of emissions tkatains in the atmosphere
increases witlwarmingprimarily becauséhe land uptake declines with warming.

IBIS simulates the present day distribution of vegetation quite realisti¢aoley
et al., 1996) when forced with the observed clim@leminantvegetation distributios
from our simulationgor the period 2072100are shown in Fig. BWe use kappa
statisticYMonserud, 1990) to compare maps of vegetation distributions. Kibesa on
a value of 1 with perfect agreement. It has a value close to zero when the agreement is
approximately the same as would be expected by chance. A kappa value of 0.47 (fair
agreementLandis and Koch, 1977) is obtained for a comparison of IBIS $beal
vegetation and observations (Foley et al., 1996).

Global comparison of control vegetation distributions with distributions from 0 x,
1 x, and 2 x Sensitivity runs givieappavalues 0f0.80 (very good agreemen€).54
(good)and 0.40 (fair) respectaly. The highkappavalue for comparison betwe&ontrol
and 0 x Sensitivitysuggest that atmospheric @Ehangedave weaker influencen
changing thevegetation distributiothanclimate change0 x Sensitivity run has no
climate change but it has carbowycle changes due to fossil fuel emissioHswever,as
the global warming increases, vegetation distribution changes dramatically; kappa value
decreases from 0.8 to 0.4 when the warming increasesOrtm8 K.

In terms of area occupied by different véggon typesiropical and temperate
forests expand significantly with global warmifigig.5; Table 2). The asecovered by
them increases from about 40 % in the control cagestrly60 % of the land area i x
Sensitivity In general there is a migrain of tropical, temperate, and boreal forests
polewardwith warming, leading tsignificant declines in area occupied tundra and
polar desed (land ice)in the 2 x Sensitivity runWe caution thatlimate change and
CO, fertilization couldalsoimpactecosystem goods and services not represented by our
terrestrial ecosystem model, such as species abundance and competition, habitat loss,
biodiversity and other disturbances (Root and Schneider, 1993)



In this paper, we investigate the seisiy of the positive feedback between
climate change and carbon cycle foraage of climate sensitivities to increased
atmospheric C@content nominally, 0, 2 and 4 K per doubling of atmospheric £LO
content With the SRES AZmissionscenarios, this pouces a simulated yea2100
global warming ranging from 0 K to 8 KWe found that the land biosphere takes up less
carbon with higher climate sensitivity, and this is not compensated for by increased ocean
carbon uptak. Thusthe higher climate sensitivity simulatioase warmer both because
of increased sensitivity to added g ®ut also because more Gé&mained in the
atmosphere

In our model,cumulativeland uptake varies between about 29 and 47 % of the
total emissions for a-8 K range in temperature change. Ocean uptake (16%) shows
almost no change at all. THiaction of the total emissions that remains in the atmosphere
ranges from 37 to 55% under different climate changes. AtmospherncQ@entrations
are 176 ppmv higher in the run with 8 K climate change than in the no climate change
run. Our results areniagreement with other modeling studies that concluded that the
climate impact of land carbon cycle is mainly responsible for the modeling uncertainty in
the projection of future atmospheric GGoncentrations.

In sharp contrast to Cox et al. (2000) butaigreement with Friedlingstein et al.
(2001), our land carbon cycle model does not become a net source of cathen to
atmosphere even when the warming is as high as 8K. In HadCM3 (Cox et al., 2000),
vegetation carbon in Amazon begins to decline, as adrgnd warming of Amazonia
initiates loss of forest. Such a loss of vegetation biomass does not occur in our
simulationsln our model,soil carbon does show declines by 2100 A@ an 8 K global
warming. This results in reduced land uptake of carbon. However, the vegetation biomass
keeps increasing. The effect of g€@rtilization is probably exggerated in our
simulations because we do not consider factors other than limitation by sunlight, water,
and carbon dioxide.

In Section 2 wébracketed the uncertainty in land uptake tu€O, fertilization.
Herewe haveshown how land fluxes magepend ortlimate sensitivityo CO; itself In
Section 2 we showed thatmospheric C@concentrations are 33¢pmv higher in the
fully fertilized case than the fertilizationapped case, a sensitivity about twige find
for a 0-8 K range in global warming

The high sensitivity of our terrestrial biosphere model to,@fybe associatk
with the lack of nutrient cycles (e.g., nitrogen, phosphorous,.dicthe real world, as
opposed to our model, Certilized ecosystems may run intmtrient limitations.

Changes in nitrogen availability aneportant to the carbon cycle through changes in
plant nutrient availabilitySchimel, 1998; Nadelhoffer et al., 1999ungate et al., 2003).
Models that include nitrogen limitation show less sensitivity of,@lOxes for changes in
atmospheric C@(Crameret al., 2001).

Whether the landiosphere damps or amplifies global warming seems to depend
on highly uncertain assumptions regarding the response of the biosphere tg&acta
and a changed climate. These uncertainties could perhaps be narrowed with investigation
of carbon dynamics across a broad range of ecosystems and climate regimes, often
including manipulation experiments, and redoubled efforts to represent thoamuap
numerically.
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Table 1. Changes in Global and annual mean model result&lecade of 209-2100
minus 1891-1900)

Experiment  Surface Precip. Water vapor Seaice Seaice Net flux

Temp. (%) (kgm?) (%) extent volume atTOA
(K) (%) (%) (Wm)
Control -0.35 -0.52 -0.28¢1.3) 6.4 14.2 0.14
0 x Sensitivity -0.03 -0.03 -0.17 ¢0.8) 3.7 0.9 0.03
1 x Sensitivity 3.17 5.03 4.87 (229) -26.0 -66.0 1.56

2 x Sensitivity 8.00 11.63 13.71(64.2) -79.1 -94.5 3.77




Table 2. Fraction of land area occupied by vegetation types during 2072100

Vegetation type

Control 0 x Sensitivity 1 x Sensitivity 2 x Sensitivity

Tropical foress 22.2
Temperate forests 19.3
Boreal forest 6.7
Savanna, Grasslands & 12.5
Shrublands

Tundra 6.9
Desert 16.4
Polar desert 16.0

24.2
22.7
8.2
8.5

8.8
14.5
13.1

24.6
24.3
10.6
11.8

6.5
12.3
7.9

30.3
29.0
5.8

12.9

2.6
13.4
6.0




Section 3, Figure Captions

Figure 1 Evolution of global and annual mean surface temperature (upper @atel)
atmospheric C@concentration (lower panel). Atmospheric £€€»ncentrations
are 51 (176) ppmv higher in the 1 x Sensitivity (2 x Sensitivity) run with 8 K
climate change than in the 0 x Sensitivity run with no climate change.

Figure 2 Evolution of the 5yr running mean of global, annual flux of carbon from land
to atmosphere (upper panel) and from ocean to atmosphere (lower panel).
Negative values represent fluxes into land and ocean. Land fluxes are reduced
to half when the climate change is doubksttd ocean fluxes are insensitive to
climate change in our model.

Figure 3 Evolution of Net Primary Productivity (NPP) and heterotrophic (soil microbial)
respiration (upper panel) and changes in vegetation biomass and soil carbon
content (lower panel). Thacrease in biomass is similarin 0 x, 1 X, and 2 x
Sensitivity experiments because the NPPs are similar. Soil carbon change in 1 x
Sensitivity is smaller that 0 x Sensitivity because of increase in soil microbial
respiration. Further increases in sopaation in 2 x Sensitivity leads to
declines in soil carbon content after 2050.

Figure 4 Evolution ofcumulative carbon uptakes by land (upper panel) and oceans
(middle panel) since the piiadustrial period. The aiborne fraction of
cumulative emissias is shown in the bottom panel. Our results suggest a large
range in land uptake, and @orne fraction, and little change in ocean uptake
over the 08 K range of global warming.

Figure 5 Vegetation distributions in our simulations. Antarctica is nawh. The area
covered by tropical and temperate forests increases dramatically when global
warming increases from 0 to 8 K. There is a also migration of tropical,
temperate, and boreal forests poleward with warming, leading to significant
declines in areaccupied by tundra and polar deserts (land ice) in the 2 x
Sensitivity run.



Section 3,Figure 1

296 1 T T '
—_ - g‘-”"ém' itivity
& | — 0 x Sensitivi
o 294 | — 1xsensitivity
= — 2 x Sensitivity
o 292- -
(=
3
'_
Q 280
£
=3
0 288
I 1 I 1
286900 1950 2000 2050 2100
900 T ' | y
—| — Control
g 800 |— 0 x Sensitivity
e i — 1 x Sensitivity
‘é ?‘:'U_‘ — 2 x Sensitivity
® 600
E i
S 500
8 L
S 400
9 |
300

| 1 | 1
1900 1950 2000 2050 2100
Year



Section 3,Figure 2
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Section 3,Figure 3

T | N |
EWD‘ Net Primary Productivity _yudedd®™
E.g - d . ;
B so- "
o — Control
=] — 1 x Sensitivity
c O~ — 1 x Sensitivity -
é — 2 x Sensitivity J
g-ﬁﬂ: -
Heterotrophic Respiration
=100~

] L 1 : |
1900 1950 2000

| L
2050 2100

=2]

=

=
I

S
=1

5 & &
B T

Changes in land carbon stocks (Gt-C)
]
I

- 0 x Sensitivity soil carbon

|

I K ] ¥ ]
Control biomass
0 x Sensitivity biomass
1 x Sensitivity biomass
2 x Sensitivity biomass

Control soil carbon

1 x Sensitivity soil carbon
2 x Sensitivity soil carbon ,zf ot

.............

i 1 i 1 i H i
1900 1850 2000 2050 2100

Year



Section 3,Figure

1000

Net land uptake (Gt-C)

Net ocean uptake (Gt-C)

Air-borne fraction of emissions

4

800+

600

400

200,

— Control

— 0 x Sensitivity
— 1 x Sensitivity
— 2 X Sensitivity

1900

1950

2000

2050

0.4

0.3t

0.z

!
1800

1
1950

|
2000
Year

|
2050

2100



Section 3,Figure 5

Vegetation Types During 2071-2100
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